Soil organic matter (SOM) is a key factor for building and maintaining soil quality. The SOM quality is commonly assessed using densitometric and sieving separation methods, but such methods do not inform on the biochemical composition of SOM. Our objective was to evaluate the van Soest extraction procedure for soluble (SOL), holocellulose (HOLO) and lignin/cutin (LIC) fractions of SOM after incorporating crop residues and animal wastes into a C-depleted loamy sand. Millet cuttings, oat straw, fresh cattle manure and cattle manure compost were dried, sieved to obtain 53 -250 and 250 -2000 µm size fractions and characterized biochemically using a modified NDF-ADF-ADL van Soest method. Soil was also sieved into 53 -250 and 250 -2000 µm fractions. On a dry mass basis, crop residues contained 60% -70% holocellulose while animal wastes contained more than 40% ash. Each soil fraction was combined with three rates of the corresponding organic fraction ( 
Introduction
Soil organic carbon (SOC) is the primary soil quality indicator driving soil chemical, biological, and physical functions [1] - [3] . The SOC decomposition rate depends on physical, chemical and biochemical protection mechanisms [4] . The physical protection to SOC against decomposition is provided by soil micro-aggregates (<250 µm in size) that are compact assemblages of mineral and organic matter [5] . The SOC models generally consider two or three biochemical C pools [6] [7] . The most labile SOC pools are sensitive indicators of soil biological activity [8] and structural stability [9] [10] resulting from agro-ecosystem management [11] - [14] .
Labile and recalcitrant soil organic matter (SOM) fractions can be separated by size [15] . The particulate organic matter (POM) fraction is 53 to 2000 µm in size and provides an estimate of labile C [16] . The POM often has a bulk density less than one [17] [18] , hence facilitating densimetric separation, is high in C [19] , and contains plant debris [20] , hyphae, spores, seeds, faunal skeletons, microbial biomass and partially humified materials [21] that can be separated by sieving. The biochemical composition of POM requires analyzing POM using a biochemical fractionation procedure.
In general, organic matter added to soil is analyzed before incorporation. Its biochemical stability in soil is measured by incubation [7] [22] . The van Soest method [23] [24] which is a routine biochemical fractionation method of fiber analysis for neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) has been modified to analyze the biochemical composition of organic residues and composts before soil incorporation [22] [25] and can be expanded to analyze the biochemical composition of POM after incorporation of organic amendments into soil.
Our objective was to test the capacity of a modified van Soest method to characterize the biochemical composition of soil C after incorporation of organic amendments into soil with special attention to the 53 -250 and 250 -2000 µm POM fractions. In this experiment, we incorporate four organic sources at increasing rates into soil and determine the biochemical composition of mixtures.
Material and Methods
We sampled an Orthic Humo-ferric Podzol [26] sandy loam of the Ivry soil series collected on an experimental field at Saint-Ubalde de Portneuf, Quebec, Canada (46˚45'23''N, 123 72˚19'57''W), containing 1.6% SOM (550˚C, 16 h) in the 0 -17 cm layer; pH (CaCl 2 0.01 M) was 5.2. In potato (Solanum tuberosum L.) crop systems, millet cuttings and oat straw, as well as cattle manure and manure compost, are often incorporated into soil. Samples of pearl millet (Pennisetum glaucum) forage cuttings, oat (Avena sativa L.) straw, cattle manure (feedlot) and cattle manure compost (field stored manure) were ground to ≤ 2 mm and sieved to obtain 53 -250 and 250 -2000 µm fractions of POM [27] . Millet forage has lowest LIC content due to mid-season sampling [28] . Cattle manure compost is presumably the most altered material. Soil particles were also separated into 53 -250 and 250 -2000 µm sieve-size fractions after shaking a mixture of soil and sodium hexametaphosphate (5 g•L . Each size fraction of organic residues was mixed with the same soil sieve-size fraction to represent the amount of soil mineral and organic fractions that could be recovered on the same sieve. Based on a soil bulk density of 1.32 g•mL −1 and an incorporation depth of 17 cm, crop residues were added at rates of 2, 4, and 6 Mg•ha −1 (0.0267, 0.0534 and 0.8010 g of plant residue per 30 g of soil, respectively) and animal wastes were incorporated at rates of 5, 10, and 15 Mg•ha −1 (0.0677, 0.1344 and 0.2017 g per 30 g of soil), on a dry mass basis.
Fibers were extracted following the French standard XPU 44-162 of the van Soest procedure adapted to compost biochemical fractionation [22] . Briefly, 2.00 ± 0.05 g of the soil/organics mixtures were weighed in F57 filter bags and placed into an Ankom 200/220 fiber analyzer. At each extraction step, the ash content of residual matter was quantified. The proportion of soluble substances (SOL) was computed as %SOM -%NDF (neutral detergent fibers) and that of holocelullose as %NDF -%ADL; the residual lignin plus cutin fraction was reported as %ADL (acid-digestible lignin). The recalcitrant LIC fraction was computed as %SOM -%SOL -% HOLO. Because the LIC fraction is computed by difference, experimental errors must accumulate in the LIC fraction.
Compositional Data Analysis
Because biochemical compositions are constrained to 100% and one component is computed by difference, they convey important properties as follows: 1) the normality assumption-which scans the real space-is inappropriate because confidence intervals may reach beyond the compositional space, and 2) the covariance matrix is biased (if the proportion of a component increases, at least another must decrease) and spurious (the covariance depends on scale). As compositional data transformation method, the additive log dual ratio (alr) or log contrast between two proportions ( 1 c and 2 c ) has been first proposed based on the logistic distribution as follows [29] :
A D-part compositional vector has D-1 degrees of freedom [30] and can be expanded to a multiplicative logistic distribution [29] . To avoid biases when analyzing the biochemical fractions of maize mulch residues, [31] used orthonormal balances [32] . The isometric log ratio (ilr) provides D-1 orthonormal balances that allow avoiding biases when analyzing compositional data [32] . The ilr transformation is based on a system of balances formalized as a sequential binary partition (SBP), i.e. a (D-1) ×D matrix, in which parts labeled "+1" (group numerator) are contrasted with parts labeled "−1" (group denominator) in each ordered row. A part labeled "0" is excluded from the balance. The composition is partitioned sequentially at every ordered row into two contrasts until the (+1) and (−1) non-overlapping subsets each contain a single part. The ilr is a ratio of the geometric means of the (+) and (-) groups normalized by a coefficient, computed as follows [32] :
where, in the k th row of the SBP, r k is the number of proportions in the (+) group, s k is the number of proportions in the minus (-) group, c is the n th component in the (-) group. For example, the balance between the more labile fractions (SOL and HOLO) is computed as follows:
The balance between the more labile (SOL and HOLO) and the more recalcitrant (LIC) fractions is computed as follows:
where SOL, HOLO, and LIC are proportions of each biochemical fractions of SOM expressed on a common basis (e.g. dry soil mass or organic mass). Note that balances are subcompositionally coherent, i.e. results are independent whether results are expressed relatively to the fresh, dry or organic mass. This is an important advantage of the balance over percentages that vary with scale (moist, wet or organic basis), because the analytical results can be interpreted coherently whatever the scale referential [33] [34] . Fractions on the left are at denominator and those on the right at numerator (Equation (1) 
Statistical Analysis
For each of the two soil fractions (53 -250 and 250 -2000 µm), there were three rates of organic residues of the corresponding sieve-size fraction. Each treatment was replicated nine times. The statistical setup was a completely random factorial design. The statistical analysis was performed using the [HOLO,SOL | LIC] and [SOL | HOLO] balances as response variables along a gradient of POM additions. Fixed descriptors were size fraction (53 -250 and 250 -2000 µm), source of organic residue (millet, oat manure, compost) and application rate (continuous variable). The model was computed in the R statistical environment [35] with the lme4 [36] and lmer Test [37] packages. Prior to analysis, outliers were discarded at the 0.05 level of significance using the voutlier package [38] . The compositions package [39] was used to transform percentages into ilrs, hence providing D-1 degrees of freedom [40] .
Results

Organic Residues
There was a large variation in biochemical fractions among organic residues and their size fractions expressed on either dry or organic mass basis while balances between biochemical components remained constant ( Table  1 Table 1 .
Balances between biochemical fractions expressed as isometric log ratios (Equations (2)- (4)) varied little in animal wastes, indicating that the manure compost was still immature despite partial composting in field piles. Indeed, the ilr transformation maps the dry mass composition from the three initial biochemical components (SOL, HOLO, LIC) in the compositional space to two orthonormal balances in the Euclidean space. Ash content was much lower in crop residues than animal wastes. Ash content was highest in the fine POM fraction of cattle manure, indicating mixture of manure with soil in the feedlot. Hence, the amounts of biochemical components added to soil were smaller in the fine than the coarse POM fractions. The advantage of orthonormal balances is shown here by the partitioning of organic and mineral components into linearly independent subsets.
The proportion of SOL was higher in the fine than the coarse POM fractions of crop residues, indicating that biochemical components were sorted out upon sieving. Compared to oat straw that was collected in the fall, the SOL fraction was higher and HOLO smaller in millet forage cuttings due to in-season sampling far from plantmaturity. Compared to their coarse POM fraction, the fine POM fraction of cattle manure and manure compost also appeared higher in SOL content.
Soil-Residue Mixtures
There were significant differences (p ≤ 0.05) in biochemical composition of the mixtures between soil and organic amendments ( Table 2 ). The SOL component varied with the size fraction. The HOLO fraction varied with the source of organic amendment, application rate as well as the size fraction and its interaction with the organic source. The LIC fraction varied with the source of organic amendment, the rate of application, the interaction between the source of amendment and the rate of application, and the interaction between the size fraction and the rate of application. However, as we recall from compositional data theory, the variance analyses computed across the inter-related SOL, HOLO and LIC proportions that have D-1 matrix rank are not statistically valid: the statistics should be interpreted from the balances between components, i.e. [SOL,HOLO | LIC] and [SOL| HOLO], at fulcrum (Figure 1) , as isometric log ratios between two geometric means (Equation (1)).
The [SOL,HOLO | LIC] balance of size fractions did not differ significantly (p < 0.05) among treatments ( Table  2) . The [SOL,HOLO | LIC] balance thus appeared to be a poor indicator of SOM quality after incorporation Table 2 . Effects of organic residues, rate of application and particle size on proportions of organic and mineral pools and on compositional balances between biochemical pools. SOL = soluble; HOLO = holocellulose; LIC = lignin + cutin; DMB = dry mass basis. : non-significant and significant at the 0.10, 0.05 and 0.01 levels, respectively.
of organic residues into soil. On the other hand, the organic amendment, application rate, size fraction and the interaction between the organic amendment and application rate influenced the [SOL | HOLO] balance significantly (p ≤ 0.05). The SOL weighted more in the fine than the larger fraction as shown by a more negative [SOL | HOLO] balance in the finer fraction.
The [SOL | HOLO] balance facilitated interpreting the results as shown by well-defined linear response trends upward for crop residues and downward for animal wastes (Figure 2) . The [SOL | HOLO] balance decreased linearly with the addition rate of animal wastes due to a combination of higher SOL and lower HOLO contents in animal wastes ( Table 1) resulting from feed digestion in the animal tract and partial decomposition in manure piles. Hence, compared to current laboratory methods and the ensuing statistical analysis distorted by raw compositions, a combination of the modified van Soest extraction method with tools of compositional data analysis proved to be useful in interpreting the changes in SOM quality after incorporating organic residues into soil.
Discussion
Soil organic carbon is protected through physical, chemical, and biochemical mechanisms [4] . This paper is a first attempt to provide a biochemical indicator of SOM quality measured as a log ratio between two operational pools using a van Soest procedure that has been modified to assess compost biological stability. Adding crop and animal residues to soil changed the operational biochemical pools of the new mixture. After incorporation of organic residues into SOM, the HOLO pool and the [SOL | HOLO] balance were found to be highly contrasting across size fractions but the direction of the change depended on the organic residue and the application rate. On the other hand, the functionality of biochemical pools must depend on the chemical make-up of their organic polymers and molecules and could be addressed in future research.
Organic residues and SOM are complex mixtures of organic molecules [41] . Organic C from fresh organic materials is labile and a small fraction accumulates as recalcitrant humus [42] . There are also products of intermediate decomposability or highly resistant to decomposition [43] . The SOL fraction of crop residues is a mixture of proteins, starch, lipids and other easily decomposable components while other fractions are specific to hemicelluloses, cellulose and lignin plus cutin, respectively [44] . The NDF may extract a large variety of soluble products [45] like phenolic compounds that color the extracting solution (yellow to brown color) and that may resist to decomposition. As a result, the SOL fraction could comprise both labile and recalcitrant C. The LIC fraction in the present study is an elusive component computed by difference that may contain plant lignin and cutin as well as recalcitrant humic substances and humin. Although humic substances are generally associated with the soil mineral fractions [8] [14] [46] , NDF soluble humic substances from SOM may swamp out NDF soluble materials from organic residues. The HOLO fraction is the most specific one. The HOLO and the labile part of SOL could be considered as proxies for labile C pools. However, the van Soest method did not allow separating the labile from the recalcitrant C forms in the SOL fraction while a SOM quality index must take into account the compositional nature of biochemical fractions. Balances are computed as isometric log ratios to avoid redundancy (three components closed to 100% SOM are reduced to two linearly independent variables) and confusing scale dependency (the ratios eliminate the basis as soil dry mass or organic mass that return different proportions from the same analytical results). The [SOL | HOLO] balance computed using Equation 3 proved to be a biochemical POM index that can be detected by the modified van Soest method. Because a single balance proved to be significant, the distance between two compositions can be computed as a difference between two log ratios (Equations 1 or 3) rather than a Euclidean distance across two or more orthonormal balances.
Existing fractionation methods are divided into physical and chemical fractionation, which are based on different scopes regarding the mechanisms of SOC stabilization [47] . The POM is a SOM quality indicator sensi- tive to changes in C inputs [48] . In a mechanistic approach to soil C sequestration, [4] [49] suggested that SOC fractions have their own specific saturation capacity in the soil. In support of this theory, [50] found evidence of soil C saturation of chemically and biologically protected C pools far from their theoretical C saturation, while saturation of physically protected C occurred closer to their C saturation level. However, a mechanistic explanation of a saturation level is still required for the unprotected and the biochemically protected C pools [49] . Loose terms such as "recalcitrance', the vague definitions for fractions such as particulate organic matter (POM) or mineral-associated organic matter (MOM) and poorly defined fractionation procedures have confused the discussion on SOM [47] . Although this research did not address the functionality of the operationally derived [SOL | HOLO] balance, it showed that the van Soest method modified for compost analysis can detect the changes in SOM quality and thus has the potential to assist modeling changes in biochemical C pools in soil particle-size fractions as driven by crop residues and animal wastes management.
Conclusions
A sensitive biochemical SOM quality index supported by a laboratory method could contribute to elaborating theories on C sequestration and cycling in soils and beneficial practices for managing crop residues and animal wastes in agro-ecosystems. The van Soest method detected changes in SOM quality in the 53 -250 and 250 -2000 µm fractions after mixing a C-depleted acid sandy loam soil with 2 to 6 Mg•ha −1 of crop residues or 5 to 15 Mg•ha −1 of animal wastes. The [SOL | HOLO] balance computed as an isometric log ratio was found to respond linearly to additions of crop residues and animal wastes across size fractions.
The van Soest method could be tested on other soils using a larger spectrum of organic products and cultural practices because such method had the potential to monitor changes in SOM quality following residue management practices. The change in [SOL | HOLO] balance could be related to soil properties and functions to improve SOM management in agro-ecosystems.
